The nervous system is populated by a diverse assortment of neurons with distinct morphology and function. This is particularly true in the retina, where photoreceptor function is dependent upon the formation and maintenance of outer segments, which are organelles that are highly specialized for phototransduction. Cone photoreceptors function under bright light conditions and in humans are necessary for high-resolution, color vision. Multiple blinding diseases such as age-related macular degeneration involve degeneration of cones, including loss of outer segments (Berger et al., 2010) . Thus, a compelling challenge is to understand the pathways required for the genesis and maintenance of these specialized structures with the ultimate goal of preserving or potentially restoring them in disease.
MicroRNAs (miRNAs) have emerged as potent regulators of gene expression and are highly abundant in the developing and adult nervous system, including the retina. These small (18-22 nucleotide) RNA molecules recognize multiple RNA targets and either inhibit translation or promote transcript degradation. miRNAs have been intensely studied for their roles in regulating key aspects of development, including cell fate specification, growth, and differentiation (Sayed and Abdellatif, 2011) . In the developing retina, the functions of miRNAs have been examined by conditional ablation of DICER1, which is an RNA nuclease that cleaves doublestranded RNA and is required to process pre-miRNAs (Cremisi, 2013) . Conditional loss of DICER1, using diverse Cre drivers, affects optic cup patterning and growth, retinal histogenesis, synaptic stability, and survival during development, as well as progressive retinal degeneration postnatally (Andreeva and Cooper, 2014; Cremisi, 2013; Sundermeier et al., 2014) . There is now strong interest in understanding the function of specific miRNAs.
Several miRNAs have demonstrated functions in cone photoreceptors, such as miR-124, which is required for cone migration and survival (Sanuki et al., 2011) . The miR-183/96/182 cluster is particularly important in photoreceptors, where it is highly expressed with peak levels in the adult retina. Disruption of the miR-183/96/182 gene, by generating mice using a gene trap embryonic stem cell clone, results in progressive deficits in retinal function as well as early defects in photoreceptor synapses, particularly in the cone pathway (Lumayag et al., 2013) . These mice also showed progressive photoreceptor degeneration and increased susceptibility to light damage. The synaptic defects are consistent with recent studies implicating miRNAs in synaptic development and maintenance and, more specifically, miR-96 from this cluster in the formation of auditory nerve synaptic connections within the cochlea (Kuhn et al., 2011) . However, these previous studies did not distinguish adult versus developmental roles for miRNAs. In mature rod photoreceptors, conditional loss of DICER1 results in early-onset progressive photoreceptor degeneration, while selective knockdown of miR-183/96/182 causes an increased susceptibility to light damage (Sundermeier et al., 2014; Zhu et al., 2011) . However, whether miRNAs have specific functions in adult cone photoreceptors was unclear.
Busskamp and colleagues (Busskamp et al., 2014) have now implicated miR-182 and miR-183 in the maintenance of cone outer segments as well as the genetic identity of cones, establishing a critical role in adult cone function. miRNA biogenesis was disrupted postnatally in adult cones by conditional deletion of DGCR8, which is required for pri-miRNA processing (Sayed and Abdellatif, 2011) . Cones appeared normal at P30 when DGCR8 protein and miRNA levels were only modestly reduced. But by P60, when both DGCR8 and miRNAs were dramatically reduced, there was a complete loss of cone outer segments and reduced opsin expression, with intact cell bodies and normal cone number. Progressive shortening of cone outer segments from P30 to P60 suggests a role for DGCR8 in the maintenance of these specialized structures. miR-182 and miR-183 were found to be the most highly expressed miRNAs in adult cones, and conditional expression of mimics for these miRNAs in cones at P30 preserved outer segments in DGCR8 mutant cones at P60 (Figure 1 ). Thus miRNA-182 and miR-183 are directly implicated in cone outer segment maintenance in adult retina.
These findings have clear implications for studying these miRNAs in models of photoreceptor degeneration such as Stargardt disease, retinitis pigmentosa, or age-related macular degeneration. Changes in the expression of miR-183/ 96/182 have been reported in several disease models (Loscher et al., 2008) , but their role remains unclear. These miRNAs may be specifically affected and contribute to the degeneration phenotype, or the observed changes in expression may reflect a general feature of photoreceptor degeneration. It is notable in the Busskamp study that adult-specific expression of mimics for miRNA-182 and miRNA-183 was not sufficient to restore outer segments in DGCR8 mutant cones once they are lost, so these miRNAs (at least these ones alone) are unlikely to reverse a pre-existing condition (Busskamp et al., 2014) . The cones may be too compromised to restore outer segments, or additional factors may be required. Thus, the most promising application may lie in the ability of miRNA-182 and miRNA-183 to prevent cone photoreceptor degeneration. While expression of miRNA-182 and miRNA-183 prevented cone outer segment loss in a DGCR conditional knockout, this would clearly need to be tested under other conditions.
To address whether miRNAs may be sufficient to promote outer segment formation de novo, the miRNAs of the miR-183/96/182 cluster were expressed in 3D mouse embryonic stem cell-derived retinal cultures, where outer segments generally do not form. Expression of miR-183/96/182 promoted the formation of inner segments, connecting cilia and rudimentary outer segments, which were able to generate hyperpolarizing light responses (Busskamp et al., 2014) . Thus these miRNAs may function in a developmental context to help establish outer segments and then be required for their maintenance in the adult retina. Given the intense interest in stem cell replacement to restore lost or damaged photoreceptors, this is an important step toward regenerating functional cone photoreceptors from stem cells, especially since previous attempts have failed to establish outer segments from mouse embryonic stem cells. In addition, since expression of miR-9 and miR-124 in human dermal fibroblasts is sufficient to convert these cells into postmitotic neurons , it is possible that a cocktail of neuronal and cell-specific miRNAs could be used to more effectively generate fully differentiated photoreceptor cells, including outer segments. However, since expression of miRNA-182 and miR-183 was not sufficient to restore cone photoreceptor outer segments in DGCR8 mutant cones once they have been lost, much remains to be learned about how to regulate outer segment formation and maintenance in vivo.
To fully understand the roles of miRNAs in regulating retinal development, aging, and pathologies, it is critical to identify their tissue-and cell-specific target genes. Most miRNAs appear to target multiple genes that function in intricate regulatory networks, as has been observed in the developing retina (Andreeva and Cooper, 2014). However, the target genes in adult retina have not been described. To examine the molecular pathways associated with outer segment loss in their animal model, Busskamp et al. (2014) tracked miRNA changes between P30 and P90 in wildtype versus DGCR8 mutant cones. Interestingly, the majority of the cone transcriptome did not change with the loss of DGCR8, but instead there were small changes in the expression of a small group of target genes, implying that there is not a single miRNA target gene that is responsible for maintaining outer segments in adult cones. Similarly, targeted loss of DICER1 in mature rods also resulted in a limited number of differentially expressed genes, consistent with a general role for miRNAs in fine-tuning gene expression (Sundermeier et al., 2014) . However, since analysis of gene expression will not detect changes in translation that are regulated by miRNAs, there are possibly other relevant changes in protein expression that remain undetected with this analysis.
In DGCR8 mutant cones, downregulated genes included those important for cone identity while genes normally expressed in horizontal cells were increased, suggesting that these cells, as they become unable to function as cones, revert to the common horizontal cell-cone progenitor state. This more primitive state may explain why expression of miRNA-182 and miR-183 was not sufficient to restore cone photoreceptor outer segments once they have been lost. Since many of the changes in gene expression were observed after outer segment loss, the data imply that outer segments are either required to maintain cone identity or are simply affected first by the loss of miRNAs 182/ 183, a distinction that remains to be addressed. There were no significant changes in the expression of synaptic genes in this cone-specific analysis, which were observed in whole-retina microarray analysis of mice mutant for the miR-183/96/182 gene (Lumayag et al., 2013) . In addition, few changes in apoptotic gene expression were observed, consistent with the observed survival of cones up to P90. Why the cells do not undergo apoptosis after loss of outer segments and loss of cone cell identity is not clear, since developmental disruption of the miR-183/96/182 gene results in cone degeneration and loss (Lumayag et al., 2013) .
The findings of the Busskamp study beg the question of whether a similar function for miR-183/96/182 exists in rod photoreceptors. These miRNAs are expressed in adult rods and decreased in several models of retinitis pigmentosa (Loscher et al., 2008) . A miRNA-sponge 
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Loss of miRNAs via knockout of DGCR8 in adult cones (C-DGCR-KO) results in loss of outer segments. This is prevented by expression of mimics for miR-182 and miR-183, but these are not sufficient to restore outer segments once lost.
transgenic mouse model targeting miR-183/96/182 in postmitotic rod photoreceptors results in increased susceptibility to light damage in the retina (Zhu et al., 2011) . In addition, conditional deletion of DICER1 in postmitotic rods results in outer segment defects followed by progressive photoreceptor degeneration, although the specific role of miR-183/96/ 182 was not tested (Sundermeier et al., 2014) . Thus a more detailed assessment of miR-183/96/182 in maintaining rod outer segment integrity is warranted. The miR-183 family probably plays a more general role in the function of ciliated cells, since it is specifically expressed in ciliated neurosensory cells of the retina, inner ear, and lateral line as well as in sensory monociliated cells of the olfactory epithelium (Walentek et al., 2014) . In support of this, miR-96 was shown to be required for development of cochlear hair cells, and miR-183 for maintenance and survival, while inactivation of the miR-183/96/182 gene also results in vestibular dysfunction (Kuhn et al., 2011; Lumayag et al., 2013; Weston et al., 2011) . Gene expression analysis of DGCR8 mutant cones identified significant changes in a number of genes important for membrane trafficking, lipid metabolism, and cilia formation (Busskamp et al., 2014) . Thus, understanding the role of this miRNA cluster in cilia regulation, maintenance, and regeneration could have important implications not only for photoreceptor biology but also for cilia biology and ciliopathies.
Finally, are there context-specific functions for miR-183/96/182 during development versus in the adult retina? Busskamp et al. (2014) have shown that loss of miRNAs in adult cone photoreceptors results in the selective loss of outer segments. However, additional work will be required to clearly define adult versus developmental roles. Synaptic defects and cone photoreceptor degeneration were observed with developmental disruption of the miR-183/96/182 gene (Lumayag et al., 2013) . However, it is possible that not all of the functions are attributable to the miRNAs that it encodes, since one alternative transcript from the miR-183/96/182 gene encodes additional possible open reading frames, including several putative peptides of 63-98aa (Lumayag et al., 2013) . Assessing developmental versus adult functions must ultimately be addressed using the same manipulation of miRNA expression at different stages. Underscoring this is the observation that increased apoptosis and more severe phenotypes were observed with neuronal-specific knockout of DICER1 versus DGCR8 due to noncanonical miRNAs that require DICER1 but not DGCR8 for their processing .
Other differences may be due to different focus of analysis. For example, Busskamp reported no significant changes in the expression of synaptic genes in their study (Busskamp et al., 2014) but did not specifically examine the formation of cone synapses. Lumayag reported reduced opsin expression but did not examine cone outer segments in detail (Lumayag et al., 2013) . Thus it is possible that there is some overlap in phenotype between these two studies. Data are emerging suggesting important roles for miRNAs in adult stem cell populations (Sun and Lai, 2013) , but in general the role of miRNAs in maintenance of differentiated cell function has not been well explored, although many miRNAs are expressed at high levels in adult tissues. Future studies will need to consider the changing roles of miRNAs during development as well as in adult tissues. The retina represents a tractable system to further explore this question since it has a rich repertoire of diverse cell types that can be readily targeted to alter miRNA function.
